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(57) ABSTRACT

A heating apparatus for a gas chromatography column is
described. The GC column heating apparatus includes a
conical heater assembly comprising a heating element
between an inner layer and an outer layer. The apparatus can
also include optionally an outer cowl and/or an inner cowl
surrounding the conical heater assembly. The conical heater
assembly rapidly increases the temperature of the column by
conductive heating. The selection of shape (in particular, the
cone angle of a conical heater) and materials allows the GC
column to adapt to expansion that occurs upon heating. A
gas chromatography (GC) column heating and cooling appa-
ratus is also described, in which the heater and outer cowl
define a flowpath through which a cooling fluid can pass and
cool the GC column.
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1
CONICAL HEATER ASSEMBLY FOR A GAS
CHROMATOGRAPHY COLUMN

CROSS-REFERENCE TO RELATED
APPLICATIONS

None.

BACKGROUND

In gas chromatography (GC) systems, the amount of time
required for a chemical compound to traverse the entire
length of a separation column (“column™) is known as its
retention time. One factor that contributes to the retention
time of a chemical compound is the temperature of the
separation column. Controlling the temperature of the col-
umn precisely from analysis to analysis is beneficial to
provide repeatability in the retention time for a particular
chemical compound or analyte. In addition, programmati-
cally changing the column temperature while the sample
components are migrating through it can advantageously
provide shorter analysis time and reduce peak broadening.

Often, columns are heated in known systems using an air
convection oven because of its ability to provide a uniform
and repeatable thermal environment in a space large enough
to accommodate a wide variety of column diameters and
lengths. The columns are typically arranged on a support
structure such as a basket that creates an open cylinder of
column coils, with open space inside and outside the cylin-
der. This allows the heated air access over all the column
surfaces and results in uniform temperatures across the
entire column length. While air convection ovens are useful,
their use comes with clear disadvantages. For example,
convection ovens require a significant amount of energy and
time to heat up, and a significant amount of time to cool
down. This leads, of course, to comparatively long cycle
times and high power consumption, among other disadvan-
tages. In addition, the ability to do rapid analysis via
temperature programmed conditions is limited when using
air convection ovens.

Conduction or “resistive” based technologies have been
actively researched for the promise of faster heating and
cooling rates but adoption has been slow because design
tradeoffs have often forced the technology to be optimized
for only certain niche markets. Low Thermal Mass (LTM)
column modules are available in which the fused silica
capillary column is bundled together with a heater element
and temperature sensor. The result of bundling the heater,
sensor and column together is the most direct transfer of
heat, resulting in programming rates as fast as approxi-
mately 1800° C./min using under 200 W of power. However,
the analytical results are not as repeatable as when an air
bath oven is used. Also, the disadvantage of bundling the
column with its heater and sensor is that a customer must
replace the heater and sensor with the column (e.g., when the
column is fouled or broken, the heater must also be
replaced). In addition, bundled columns are liable to have
reduced lifetime due to their construction and the concen-
tration of stresses on the column tubing.

What is needed, therefore, is an apparatus that overcomes
at least the drawbacks of known GC column heaters.

SUMMARY OF THE INVENTION

In accordance with a representative embodiment, a heat-
ing apparatus for a gas chromatography column comprises a

10

25

40

45

55

60

65

2

conical heater assembly comprising a heating element
between an inner layer and an outer layer.

In accordance with another representative embodiment, a
gas chromatography apparatus comprises a conical heater
assembly comprising a heating element between an inner
layer and an outer layer. The apparatus also comprises a gas
chromatography (GC) column arranged around the outer
layer of the conical heater assembly, wherein the column is
in direct or indirect contact with the outer layer of the heater,
or a gas chromatography (GC) column arranged on the inner
layer of the conical heater assembly, wherein the column is
in direct or indirect contact with the inner layer of the
conical heater assembly.

In the foregoing embodiments, the apparatus can also
comprise a first interior layer disposed between the heating
element and the inner layer, or a second interior layer
disposed between the heating element and the outer layer, or
both first interior layer disposed between the heating ele-
ment and the inner layer, and a second interior layer dis-
posed between the heating element and the outer layer. In
some embodiments, the apparatus can also comprise an
outer cowl surrounding the outer layer of the conical heater
assembly, wherein the outer cowl is arranged to provide a
first flowpath between the outer layer of the conical heater
assembly and the outer cowl. In some embodiments, the
apparatus further comprises an inner cowl that is surrounded
by and arranged to provide a second flowpath between the
inner layer of the conical heater assembly and the inner
cowl.

In the foregoing embodiments, the apparatus further com-
prises a cooling system, wherein the first flowpath between
the outer cowl and the heater assembly is fluidly connected
with the cooling system, and/or the second flowpath
between the inner cowl and the heater assembly is fluidly
connected with the cooling system. The cooling system can
comprise a fan or pressurized gas, and the cooling system
can be configured to blow cooling gas over the conical
heater assembly.

In some embodiments of the gas chromatography appa-
ratus, the GC column and the conical heater assembly are
adapted for the GC column to move along the conical heater
assembly in response to differing thermal expansions of the
conical heater assembly and the GC column. In some
embodiments, the outer layer of the conical heater assembly
comprises one or more of metal, metal alloys, silica, quartz,
diamond, silicon carbide, boron nitride, aluminum nitride, or
alumina, and the GC column comprises fused silica, glass,
or metal.

BRIEF DESCRIPTION OF THE DRAWINGS

The present teachings are best understood from the fol-
lowing detailed description when read with the accompany-
ing drawing figures. The features are not necessarily drawn
to scale. Wherever practical, like reference numerals refer to
like features.

FIG. 1 is a simplified block diagram of a GC system in
accordance with a representative embodiment.

FIG. 2A illustrates a GC column wound around a conical
heater assembly in accordance with a representative embodi-
ment.

FIG. 2B illustrates a cut-away view of another embodi-
ment of a conical heater assembly with a GC column in a
column holder.

FIG. 2C shows a portion of a conical heater assembly with
a GC column would around it, including relevant parameters
to account for the coeflicients of thermal expansion.
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FIG. 2D shows a cone angle 6 for an embodiment of a
conical heater assembly.

FIG. 3 is a partial cutaway view showing the interior of
an apparatus for heating and cooling a GC column in
accordance with a representative embodiment.

DEFINED TERMINOLOGY

It is to be understood that the terminology used herein is
for purposes of describing particular embodiments only, and
is not intended to be limiting. The defined terms are in
addition to the technical and scientific meanings of the
defined terms as commonly understood and accepted in the
technical field of the present teachings.

As used in the specification and appended claims, the
terms “a”, “an” and “the” include both singular and plural
referents, unless the context clearly dictates otherwise. Thus,
for example, “a device” includes one device and plural
devices.

As used in the specification and appended claims, and in
addition to their ordinary meanings, the terms “substantial”
or “substantially” mean to within acceptable limits or
degree. For example, “substantially cancelled” means that
one skilled in the art considers the cancellation to be
acceptable.

As used in the specification and the appended claims and
in addition to its ordinary meaning, the term “approxi-
mately” means to within an acceptable limit or amount to
one having ordinary skill in the art. For example, ‘approxi-
mately the same’ means that one of ordinary skill in the art
considers the items being compared to be the same.

Relative terms, such as “above,” “below,” “top,” “bot-
tom,” “upper” and “lower” may be used to describe the
various elements’ relationships to one another, as illustrated
in the accompanying drawings. These relative terms are
intended to encompass different orientations of the device
and/or elements in addition to the orientation depicted in the
drawings. For example, if the device were inverted with
respect to the view in the drawings, an element described as
“above” another element, for example, will now be “below”
that element. Similarly, if the device were rotated by 90°
with respect to the view in the drawings, an element
described “above” or “below” another element will now be
“adjacent” to the other element; where “adjacent” means
either abutting the other element, or having one or more
layers, materials, structures, etc., between the elements.

As used herein, the term “conical” means an object having
the shape of a cone or a cylinder that tapers in diameter from
a first end to a second end. A conical object may have, but
does not require, a pointed end, and so “conical” includes the
term “frustoconical”. In other words, a conical object may
be a solid or hollow cone with its pointed top cut off or
absent. The term frustoconical means an object has the shape
of a frustum of a cone. The sides of a cylindrical or conical
object may be straight, curved or partially straight and
partially curved.

DETAILED DESCRIPTION

In the following detailed description, for purposes of
explanation and not limitation, representative embodiments
disclosing specific details are set forth in order to provide a
thorough understanding of the present teachings. Descrip-
tions of known systems, devices, materials, methods of
operation and methods of manufacture may be omitted so as
to avoid obscuring the description of the example embodi-
ments. Nonetheless, systems, devices, materials and meth-
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ods that are within the purview of one of ordinary skill in the
art may be used in accordance with the representative
embodiments.

The present apparatus overcomes many drawbacks asso-
ciated with prior GC column heaters. In certain embodi-
ments, the present apparatus achieves one or more of the
objectives of rapid heating; rapid cooling; adaptability for
different column diameters and lengths; low risk of column
damage or breakage; separation of the heater from the
column during column replacement or service; and low
energy consumption. For example, embodiments of the
present apparatus allow for the use of a much wider range of
column diameters and lengths while still achieving the
benefits of conduction-based heating. In addition, embodi-
ments of the present apparatus allow long lengths of various
internal diameter columns to be used and still have the
benefit of lower power consumption, faster temperature
programming rates, and faster cooling times than a tradi-
tional air bath oven. They do this while also allowing the
column to remain separable from the heater.

FIG. 1 is a simplified block diagram of a GC system 100
in accordance with a representative embodiment. Many
aspects of GC systems 100 are known in the field, so details
of certain known components of the GC system 100 are
omitted. In certain instances representative examples of
known components that can be implemented are noted, but
are presented for illustration and are, in no way, intended to
be limiting.

The GC system 100 comprises a sample inlet 101. The
sample inlet 101 is fluidly coupled to a contaminant trap
102. The contaminant trap 102 is fluidically coupled to a
column 103, which can be one of a variety of columns useful
in gas chromatography. In an embodiment, the contaminant
trap 102 is as described in U.S. Patent Application Publica-
tion No. 20150107332, the disclosure of which is specifi-
cally incorporated herein by reference. It is noted that the
inclusion of contaminant trap 102 is merely illustrative, and
the present teachings are contemplated for use in GC sys-
tems that do not comprise a contaminant trap, or that do not
comprise a microfluidic contaminant trap as described in the
application referenced above. The contaminant trap 102 is a
microfiuidic contaminant trap configured to trap contami-
nants in the sample from the sample inlet 101 and to prevent
the trapped contaminants from reaching the column 103.

The column 103 separates the components of a chemical
sample. The column 103 can be a capillary column com-
prising a piece of fused silica or metal tubing or other
material (not shown in FIG. 1) with a coating on the inner
portions of the tubing or packed with particles that interact
with the sample from sample inlet 101 to separate the
components of the chemical sample.

The column 103 is provided in contact with a column
temperature control apparatus 104. By virtue of the column
temperature control apparatus 104, the retention times of the
chemical components are controlled, while the uniformity of
the heating of the column 103 is comparatively improved.
Furthermore, in certain embodiments, the column 103 can
be cooled in a comparatively thorough manner, ultimately
improving repeatability of the retention time of an analyte
and analysis cycle time compared to known GC systems.
These and other benefits of the column temperature control
apparatus 104 are described more fully below in connection
with representative embodiments.

The column 103 is connected to a detector 105, which
detects the presence and frequently the quantity of the
components separated by the column 103. Generally, the
detector 105 is a known GC detector such as a flame
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ionization detector (FID), a mass spectrometer detector
(MSD), a thermal conductivity detector (TCD), an electron
capture detector (ECD), a nitrogen phosphorus detector
(NPD), a sulfur chemiluminescence detector (SCD), a nitro-
gen chemiluminescence detector (NCD), a pulsed flame
photometric detector (PFPD), a helium ionization detector
(HID), or a flame photometric detector (FPD).

The GC system 100 also comprises a controller 106 and
a power source 107. The controller 106 can be one of a
plurality of controllers (not shown) of the GC system 100,
or can be the sole controller of the GC system. Presently, the
function of the controller 106 with respect to maintaining the
heating of the column 103 by the column temperature
control apparatus 104 is described. Other functions of the
controller 106 or of other controllers are not germane to the
present teachings and are not described.

Generally, the controller 106 can be implemented in
numerous ways (e.g., such as with dedicated hardware) to
perform various functions discussed herein. A “processor” is
one example of a controller, which employs one or more
microprocessors that are programmed using software (e.g.,
microcode) to perform various functions discussed herein.
The controller 106 can be implemented with or without
employing a processor, and also can be implemented as a
combination of dedicated hardware to perform some func-
tions and a processor (e.g., one or more programmed micro-
processors and associated circuitry) to perform other func-
tions. Examples of controller components that can be
employed in various embodiments of the present disclosure
include, but are not limited to, conventional microproces-
sors, microcontrollers, application specific integrated cir-
cuits (ASICs), and field-programmable gate arrays (FP-
GAs).

In various implementations, the controller 106 is associ-
ated with one or more storage media (generically referred to
herein as “memory,” e.g., volatile and non-volatile computer
memory such as random-access memory (RAM), read-only
memory (ROM), programmable read-only memory
(PROM), electrically programmable read-only memory
(EPROM), electrically erasable and programmable read
only memory (EEPROM), universal serial bus (USB) drive,
floppy disks, compact disks, optical disks, magnetic tape,
etc.). In some implementations, the storage media can be
encoded with one or more programs that, when executed on
the controller 106, perform at least some of the functions
discussed herein. Various storage media can be fixed within
the controller 106 or can be transportable, such that the one
or more programs stored thereon can be loaded into a
processor or controller so as to implement various aspects of
the present teachings discussed herein. The terms “program”
or “computer program” are used herein in a generic sense to
refer to any type of computer code (e.g., software or
microcode) that can be employed to program the controller
106.

The controller 106 is configured to receive temperature
data from a temperature sensor (not shown in FIG. 1), and
based on the temperature data, is configured to provide
control signals to the power source 107. The power source
107 is one of a number of known electrical power sources
and is configured to adjust the power of the column tem-
perature control apparatus 104 to maintain the temperature
of the column 103 at approximately a desired temperature.

FIGS. 2A to 2D illustrate aspects of the present apparatus
for heating a GC column and certain parameters for the
design of the apparatus. FIG. 2A shows a heater assembly
202 having a conical shape and a hollow or open interior.
The conical heating assembly 202 for heating a GC column
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6

204 at least comprises an outer layer 206 and an inner layer
208, with a heating element 210 (shown in FIG. 2B) between
the layers 206, 208. The heater assembly 202 can be conical,
for example frustoconical. For illustrative purposes, a GC
column 204 is shown coiled around an outer surface of an
outer layer 206 of the heater assembly 202, so that a desired
length of the column is in direct contact with the outer
surface of the outer layer 206 of the heater assembly 202.
Alternatively, a GC column can indirectly contact the heater
assembly, such as when the column is wound on a column
holder 216 or sheath (as shown in FIG. 2B) and the resulting
column assembly is placed on the heater assembly. It should
be noted, however, that the conical heater assembly 202 can
be made or provided without the GC column 204. The heater
assembly or the column holder on which the column is
wound can have a protrusion, indentation or marking to
indicate a place where the GC column can be wound around
the heater assembly or sheath. The heater assembly 202 is
sized so that the GC column 204 can be coiled around the
outer surface of the outer layer 206 a desired number of
times so that a desired length of column contacts the heater
assembly. It is also contemplated that the column can be
placed on the inner surface of the inner layer 208 of the
conical heater assembly 202.

The conical heater assembly 202 can be operated to
provide heat to the GC column 204 by conduction and
potentially by radiation; as the temperature of the heater is
raised, heat is conductively and radiatively transferred to the
column 204. As discussed in more detail below, the heater
assembly 202 and the column 204 can comprise different
materials. For example, in some embodiments, as shown in
FIG. 2B, the heater assembly 202 has interior layers 212,
214 of mica and an outer layer 206 and an inner layer 208
of stainless steel, and the column 204 is comprised of fused
silica or glass. In some embodiments, other metals or metal
alloys can be used for the outer layer.

FIG. 2B shows a cut-away view of a heater assembly 202,
a GC column 204, and a column holder 216. The heater
assembly 202 comprises a resistive heating element 210 of
electrical traces generally shaped as a cone. The resistive
heating element 210 is surrounded by an inner layer 208 and
an outer layer 206. The inner layer 208 surrounds the heating
element 210 on the inner diameter of the cone. The outer
layer 206 surrounds the heating element 210 on the outer
diameter of the cone. If the column is wound on the inside
of the heater assembly, the column is in direct or indirect
contact with the inner layer 208. If the column is wound
around the outside of the heater assembly, the column is in
direct or indirect contact with the outer layer 206. An
optional first interior layer 212 can be placed between the
heating element 210 and the inner layer 208. Reasons for
having a first interior layer 212 include, but are not limited
to, for electrical insulation when the inner layer 208 is
electrically conductive across the temperature range at
which the heater operates, for better physical conformance
between the heating element and the inner layer, for struc-
tural purposes, and/or for the ability to provide a layer in
which to embed a temperature sensor. Similarly, a second
interior layer 214 is optionally placed between the heating
element and the outer layer 206 for any one or more of the
above reasons or for additional reasons. In some embodi-
ments, the column 204 may be wrapped onto a column
holder 216. The column holder 216 can serve as a structural
element to maintain the column’s shape and allow easy
installation and removal.

The heater assembly 202 and the column 204 may be
constructed from materials with different coefficients of
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thermal expansion (CTEs), meaning that their dimensions
will change at a different rate as their temperatures rise. In
order to have even and repeatable thermal transfer between
the column and the heater assembly, the column remains
coiled tightly against the heater assembly across the appli-
cable temperature range. This can be accommodated with a
heater of conical rather than cylindrical shape. The coeffi-
cient of thermal expansion (CTE) of a GC column can be
very different than the coefficient of thermal expansion of
the heater assembly. For example, in one embodiment, the
GC column can be made out of fused silica, which has a
CTE of ~0.5 ppm/K. The heater assembly can have a
different coefficient of thermal expansion that is either
higher or lower than the CTE for the column. For example,
typical metals have a CTE in the range of ~10 to ~30 ppm/K.
If the heater assembly has a CTE that is larger than that of
the column, when the heater assembly temperature is raised,
its outer layer will “grow” or expand radially. While the
fused silica column will also grow or expand, it will do so
to a much lesser extent. If the column is wound on the outer
surface of the outer layer 206 of the heater assembly and the
heater assembly is cylindrical rather than conical in shape,
the stress induced due to the difference in thermal expansion
between the column and heater assembly can result in
column breakage, especially for a column of fused silica or
glass. If the heater is soft enough, the column might coin
itself into the heater, damaging the heater. Alternatively, if
the column is wound on the inside of the heater, the heater
expands away from the column when its temperature was
raised resulting in a loss of physical contact between the
heater and the column. This loss of contact will reduce heat
transfer and chromatographic performance. If the CTE of the
heater assembly is smaller than that of the column the
opposite scenarios occurs. The present disclosure addresses
the challenges posed by differing material CTEs in several
ways, including having a heater with a conical shape and
choosing the correct materials with which to construct the
heater assembly.

In the heater assembly of conical shape described herein,
if stresses arise due to a substantial difference between the
heater assembly CTE and the column CTE (such as more
than 15 ppny/K), the column (typically with a smaller CTE)
is able to slide along the angled surface of the heater, moving
toward the end of the cone having the smaller diameter,
thereby relieving the stresses and avoiding breakage of the
column or separation of the column from the heater. If the
column CTE is larger than the CTE of the heater assembly,
the column grows more than the heater assembly and moves
towards the larger diameter end of the cone as heating
occurs.

In FIGS. 2A, 2C and 2D, 6 represents the cone angle of
the heater assembly 202. FIG. 2C illustrates the external
forces on a GC column 204 as it is heated by a heater
assembly 202. The forces acting at the contact of the GC
column 204 and heater assembly include a normal force
from the heater (N) and a force due to gravity (massxg). In
the Figures, various forces are shown directionally by
arrows, but those arrows are not intended to indicate the
forces are localized at the arrows. The gravity component of
the forces changes direction depending on the orientation of
the heater as described below.

FIG. 2C shows a portion of a conical heater assembly with
a GC column would around it, including relevant parameters
to account for the coefficients of thermal expansion. The
forces on each differential radial element of the column are
a normal force from the heater assembly (N); a tensile force
from the radial element of the column (T); gravitational
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force acting vertically on the column (mg); frictional forces
(®) resisting movement of the column over the heater. p
represents the coeflicient of friction that exists for any two
given materials used for the inner or outer layer of the heater
assembly (whichever is in direct contact with the column)
and the column.

The sum of horizontal forces (F,) at static equilibrium can
be represented by the following formula:

LF =T - fi—N; ®

Where T, f, and N, are the components of the tensile,
frictional, and normal force in the x-direction. At equilib-
rium, the sum of forces is zero since the column is not
moving and is not heated. The horizontal frictional force and
horizontal normal force can be expressed in terms of the

cone angle 6, which yields the following formula:

ZF, =T, — uNsin(0/2) — Ncos(8/2) 2)

The sum of vertical forces (F,) on the column at static
equilibrium can be represented by the following formula:

LFy=-Ty-mg-f, + N, 3)

Where T,, f,, and N, are the components of the tensile,
frictional, and normal force in the y-direction (for example,
a vertical direction). At equilibrium, the sum of vertical
forces is zero. The vertical frictional force and vertical
normal force can also be expressed in terms of the cone

angle 6, which yields the following formula:

XF, = Nsin(6/2) —mg— T, — uN(cosf /2) 4)

When adding heat, the sum of forces will change. If
CTE 17,00"CTE . 11ss the heater will expand radially to a
greater degree than the column. The conical shape of the
heater can relieve stresses arising from CTE mismatch,
especially when the following condition is met and main-

tained during the heating and cooling:

Nsin(@/2) > mg+ T, + uNcos(6/2) [©)]

Additionally, in the present apparatus, the tensile stress is
below the level which breaks or damage the column, and the
normal force is lower than the level which causes the column
to coin into the heater assembly. In designing the heater
assembly and column, p can be sufficiently small by choos-
ing an appropriate material for the inner or outer layer
(depending on which is in contact with the column), and 6
can be sufficiently large. Thus the present disclosure enables
one to design and build a frustoconical GC column heater
from different materials, including materials where there is
a substantial difference in CTE between the heater assembly
and the GC column. A designer can adjust i and 0 to arrive
at a suitable design. In certain embodiments, the apparatus
has an operational temperature range (for example, -60° C.
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to 450° C.), and N sin(6/2) is greater than (mg+T +uN
cos(0/2) when the apparatus is at rest, preferably throughout
the temperature range. Exemplary cone angles include from
greater than 0° to less than 180°; alternatively from 45° to
160°. The minimum cone angle required to allow the column
to slide without damage is dependent upon the coefficient of
friction.

FIG. 2D provides an illustration of the cone angle 6 for an
embodiment of a conical heater assembly, as well as the
value (6/2).

In some embodiments, a preferred orientation of the
heater assembly (for example, a substantial vertical orien-
tation as illustrated in FIG. 2A) will be selected along with
preferred materials for the heater assembly and the GC
column, so as to obtain desired sums of forces (XF - and 2F )
or ranges of sums under operating conditions. In other
orientations of the heater assembly where gravity is not the
restorative force on the column (e.g., if the heater has a
substantially horizontal orientation, as if the heater assembly
in FIG. 2A were rotated 90 or 180°), the heater assembly
comprises springs or other tension devices to maintain
contact between the column and the heater assembly.

As will be appreciated by one of ordinary skill in the art,
the “thermal mass” of an object is a measure of its capacity
to store thermal energy (heat). As such, a material that has
a comparatively low thermal mass will require less energy in
order to change temperature than one of comparatively high
thermal mass. As described more fully below, in order to
enable faster heating and cooling, the materials selected for
the heater assembly have a comparatively low thermal mass.

The selection of material for the heater is additionally
informed by mechanical stiffness, low thermal gradients,
and resistance to thermal deformation. These parameters are
important in determining the minimum thickness of the
heater. Along with thermal mass, these are not independent
characteristics, so choice of materials is made based on some
or all of them. The ultimate goal is to achieve low thermal
gradients across the heater assembly while achieving a
relatively low thermal mass heater assembly to enable faster
heating and cooling.

Thermal gradients across the heater surface may result
because the heating element (such as a foil or wire) may not
have a completely homogenous thermal profile. Gradients
are reduced when the material chosen for the inner or outer
layer of the heater assembly (whichever is in contact with
the column) has low resistance to heat flow, that is, a high
thermal conductivity, k. It is desirable, therefore, to have a
material with comparatively high thermal conductivity, so
that the outer or inner surface of the heater assembly that
touches the GC column is substantially uniform in tempera-
ture.

Large thermal gradients across the heater surface can also
reduce the structural integrity of the heater as portions of the
heater layers grow at different rates than other portions. The
stresses induced can cause buckling in the heater assembly,
particularly if the layers are very thin. The extent of differ-
ential thermal expansion can be reduced or minimized by
choosing a material for the heater layers with a high thermal
conductivity, a low coefficient of thermal expansion, or both.
A material with high thermal conductivity resists the for-
mation of large thermal gradients within the material. Mate-
rials with low thermal expansion do not grow very much
even under significant thermal gradients. Choosing materials
with a high thermal conductivity, low thermal expansion
coeflicient, or both, for the inner or outer layers allows for
the use of less material (e.g., a thinner layer or coating of it)
and therefore less thermal mass while maintaining structural
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integrity. It is also important to select a material for the
heater assembly that maintains sufficient mechanical and
thermal properties at operating temperatures, for example up
to approximately 450° C. or higher.

A consideration in the selection of the material for the
outer and inner layers of the heater assembly is the electrical
insulative properties of the material. Beneficially, the mate-
rial is substantially electrically insulating to avoid having to
add an optional first and second layer between the heating
element and the outer and inner layers. Otherwise, if the
inner layer is not electrically insulating, an electrically
insulating first layer is disposed between the inner layer and
the heating element to prevent current from being trans-
ferred between the traces of the heating element and the
inner layer. Similarly, if the outer layer is not electrically
insulating, an electrically insulating second layer is disposed
between the outer layer and the heating element to prevent
current from being transferred between the heating element
and the outer layer.

Illustrative materials that can be used for the outer layer
or the inner layer or both include one or more of metals,
metal alloys, silicon, quartz, diamond, silicon carbide, boron
nitride, aluminum nitride, or alumina. Metals, including but
not limited to stainless steel alloys, nickel alloys, clad
copper alloys, aluminum alloys, etc., can also be used for the
inner and outer layers, but a first and second layer can be
included for electrical isolation from the heating element. A
layer can be made from a solid sheet of material or it can be
particles of the material in a medium such as an adhesive.
The inner and outer layers can be formed by applying a
coating of material to the heating element, and then curing
or solidifying the coating, so that the first and second interior
layers form a unitary coating that encases the heating
element. For example, the coating can comprise mica par-
ticles in a binder or an adhesive, such as Ceramabond 632
Mica Adhesive.

A preferred embodiment of the heater assembly 202
comprises a heating element 210 sandwiched between first
interior layer 212 and second interior layer 214, both com-
prised of a suitable material, e.g., mica. The first interior
layer 212 and second interior layer 214 are then covered
with inner layer 208 and outer layer 206. The interior layers
of' the suitable material can have a thickness of, for example,
75 to 125 microns. Between the interior layers is the heating
element. The heating element can be very thin and can have
a thickness, for example, of approximately 50 microns. The
heating element has leads for connection to a voltage source
such as line voltage. When the GC column is located on the
outer surface, the first layer of suitable material, e.g., mica,
can be relatively thick compared to the second layer of
suitable material, e.g., mica, in order to direct heat outwardly
to the GC column but not too thick as to require large
cooldown times. The outer layer 206 and inner layer 208 can
be comprised of metal or other materials to give structural
integrity to the heater assembly and survive the range of
potential column temperatures (e.g. —60° to 450° C.). Stain-
less steel can be used for the outer and inner layers. These
layers are kept as thin as possible to maintain low overall
thermal mass while still providing sufficient lifetime struc-
tural integrity. Exemplary thicknesses for the inner and outer
layers are from 100 microns to 1 millimeter, but are not
limited to this range.

A suitable material for the interior layers, e.g., mica,
provides good thermal conductivity and dielectric strength.
For example, mica is stable when exposed to electricity,
light, moisture, and extreme temperatures. It has good
electrical properties as an insulator. A layer of suitable
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material, e.g., mica, has sufficient electrical insulation to
prevent a heating element from shorting out against a
metallic GC column, the inner or outer layers of the heater
assembly, or between the traces of the heating element itself.
In the heating elements of the present apparatus, an electrical
current is passed through a heating element, such heating
elements, in general, being well known. Circuits are also
known which control the temperature of the heating element
in response to a heat sensing element, which measures the
temperature of the heating element or a heat transfer mem-
ber in intimate contact with the heating element. In general,
such systems compare the desired temperature of the heating
element (which is usually externally set by an operator) with
the temperature measured by the heat sensing element. The
current through the heating element is then turned on and off
in response to the measured temperature being greater or
less than the desired temperature, respectively. In this man-
ner, the heating element is substantially maintaining an
equilibrium temperature corresponding to the desired tem-
perature as the heating element loses heat to its surroundings
and gains heat from the electrical current.

The heating element is made from a material that pro-
duces heat when an electric current passes through. The
material used for the heating element can be a pure metal or
a metal alloy. For example, the heating element can com-
prise a material selected from the group consisting of nickel,
chromium, iron, steel, copper, tantalum, tungsten, molybde-
num, platinum, rhenium, hafnium, and alloys thereof. By
way of further example, the material of the heating element
can be made of nichrome, nickel-chromium, nickel-chro-
mium-iron, nickel-chromium-aluminum alloy, stainless
steel, silicon carbide, molybdenum disilicide, graphite, or
any resistive material known for heating element design.
Exemplary resistive materials can be a Ni—Cr or nicrome
wire, Fe—Cr wire, or SUS wire. The shape of the heating
element can be a coil, foil, flat plate, printed paste (sintered
metal), mesh, ribbon or sheet. In a representative embodi-
ment, the heating element has a pattern that minimizes the
thickness of the heater, such as a foil.

Temperature sensors can be positioned in contact with or
near the heater assembly to detect the temperature of the
heater assembly. Heater assembly temperature can be main-
tained by controlling the power supplied to the heating
element. In addition to a target temperature value, a con-
troller can receive additional parameters used to calculate a
power requirement of the heating element. The heater
assembly temperature sensor can be in addition to the heat
sensing element which measures the temperature of the
heating element, and they can provide separate inputs to the
control. Alternatively, the heater assembly temperature sen-
sor can be used instead of the heat sensing element.

In certain embodiments, an intermediate sheath or column
holder is disposed between the heater assembly and the
column. For example, the column holder 216 is substantially
the same shape as the heater assembly (e.g., it has the same
cone angle as the heater) with a slightly larger diameter so
that it can fit on and around the outer surface of the heater,
making close physical contact so that heat is conductively
transferred with little or no loss. The column holder 216 will
have a height that is at least the height of the column winding
around the heater and sheath. The column holder 216
protects the heater from coining or other damage by the
column. In some embodiments, the column holder 216 is
removed with the column when the column is replaced. In
some embodiments, a GC column is fixedly attached to the
column holder 216.
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FIG. 3 shows an isometric partial cutaway view of an
apparatus for heating and cooling a GC column. The appa-
ratus includes a heating apparatus for a gas chromatography
column 300, with a conical heating assembly which can
have the design shown in FIG. 2B, or another design. In the
embodiment shown, the heater assembly 302 has a GC
column 304 coiled around a portion of its outer layer 306
(alternatively the column is wound on the inner layer 308 of
the heater assembly 302). For illustrative purposes, a GC
column 304 is shown coiled around an outer surface of an
outer layer 306 of the heater assembly 302, but it should be
noted, however, that the conical heater assembly 302 can be
made or provided without the GC column 304. The column
heating apparatus is substantially uniformly and rapidly
heats the GC column contacting the heater assembly 302. An
outer cowl 310 is disposed around the outer layer 306 and
together 310 and 306 define a first flow path 312. An inner
cowl 314 is disposed facing the inner layer 308 of the
conical heater assembly 302 and together 314 and 308 define
a second flow path 316. Both the outer and inner cowl can
be made of a variety of materials as long as the material can
withstand the residual heat emitted from the heater assem-
bly. Flowpaths 312 and 316 have first ends which open to or
are fluidly connected to a cooling system, which can com-
prise a fan or pressurized gas. For example, in FIG. 3,
flowpaths 312 and 316 have ends opening to a manifold 318
defined by an inner shell 320 and an outer shell 322. The
manifold contains cooling gas such as air. The apparatus can
include a fan 324 (or multiple fans) situated for blowing
cooling air from the manifold 318 into and through the flow
paths 312, 316 during a cooling phase for the GC column
(for example, after an analysis has been completed using the
GC column). Thus, the cooling system can be configured to
blow cooling gas over the conical heater assembly. While
the fan or fans can be configured to blow air over the column
heating apparatus, they can also be configured to pull air
over the column heater assembly 302. Although FIG. 3
shows the fan at the wider end of the conical heater
assembly, in some embodiments, the fan is at the narrower
end of the cone. The column heating apparatus substantially
uniformly and rapidly cools the GC column contacting the
heater assembly 302.

Relative to an air bath oven, the present apparatus pro-
vides significant gains in heating rate, as much as an order
of magnitude or more. For example, some conventional GC
column heating systems (such as the Agilent 7890A Gas
Chromatograph) have a maximum heating rate of 30°
C./min up to 450° C., whereas the present apparatus can
achieve a maximum heating rate of 300° C./min while
consuming less power. Furthermore, due to the reduction in
thermal mass, cool-down of the GC column is also faster.
Whereas a conventional GC column heating system might
take six or seven minutes to cool-down, the present appa-
ratus might do so in one to two minutes.

Relative to other designs of low thermal mass GC column
heating apparatus, the present apparatus separates the heater
from the column, providing several advantages. (1) the
heater can be calibrated once and independently from the
column; (2) the cost associated with replacing the heater is
not embedded in the cost of each column; (3) the heater can
be used with columns of different lengths, radii and mate-
rials.

As alluded to above, the controller 106 receives tempera-
ture data from the temperature sensor and/or heat sensing
element, and based on these data provides control signals to
the power source 107. Based on the control signals from the
controller 106, the power source 107 adjusts electrical power
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to the heater assembly 202 to maintain the temperature of the
GC column at a substantially constant value or to cause it to
change according to some desired program.

The column heating apparatus can include a means to
secure the various components of the column heating appa-
ratus. Means of securing the cowls and heater assembly are
contemplated, such as brackets, clips, welding, etc. The
requirements of the securing means are that it can withstand
the elevated temperatures (e.g., 450° C.) and still maintain
sufficient pressure on the column heating apparatus. High
temperature metals are the preferred material. Gravity will
hold the column against the heater assembly if positioned in
the orientation implied by FIG. 2B. If the heater assembly is
in a different orientation, for example, 90 degrees or 180
degrees from the orientation shown in FIG. 2B, a spring or
other device can be used to help the column maintain contact
with the heater.

In a representative embodiment, the GC column com-
prises a fused silica capillary column. The dimensions of the
GC column vary, but typical inside diameters range from
approximately 25 um to approximately 530 um. The present
apparatus can be used with GC columns of all diameters,
including those in the range of 25 to 530 um. Typical lengths
range from approximately 5 meters to approximately 60
meters. The coiling of GC column in representative embodi-
ments can be tightly coiled wherein the coils are “stacked”
so that each coil of the GC column can make good contact
with the other coils and the outer surface of the heater, which
is substantially conical, as described above.

Mlustratively, the GC column 204 has a length up to
approximately 60 m with an inner diameter of 320 um (or
smaller internal diameter) and comprises a fused silica
capillary column. In some embodiments, the GC column can
have a length of from about 1 m to about 105 m, alterna-
tively from about 5 m to about 75 m, alternatively from
about 5 m to about 60 m, alternatively from about 10 m to
about 75 m, alternatively from about 30 m to about 75 m,
alternatively from about 30 m to about 60 m. Alternatively,
the GC column can have an inner diameter of 25 to 530 um.
The column can be metal, fused silica or another material,
and the column typically has an interior coating or surface
and can also be packed with a stationary phase.

In operation, after the GC column 204 is provided on the
outer surface of the heater assembly, the heating element is
activated and begins to increase in temperature and to heat
the coils of the column. The heating of the GC column 204
is substantially uniform and efficient due to the various
characteristics of the components of the apparatus as dis-
cussed above. After a specific run is completed, the GC
column 204 and the heating assembly are cooled to its initial
temperature for the analysis. Because of the various com-
ponents of the column heating apparatus as discussed above,
the heating assembly cools comparatively quickly to its
initial temperature and does not substantially retain heat
from the previous run. As such, when the next analysis is
started, the heating assembly and the GC column are at
substantially the same initial temperature from the previous
run. Moreover, the cycle time is comparatively improved
over other known heating arrangements used in GC systems.

The exterior surface of the outer cowl can be partially or
fully covered with an insulator, made of a material suitable
to provide ample thermal insulation. Illustratively, the insu-
lator is made of a glass fabric material having a thickness of
approximately 0.25 inches and can be provided as a cylinder
or cone on the exterior of a cylindrical or conical cowl.
Alternatively, the insulator can comprise other types of
insulation including, but not limited to fiberglass, glass
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cloth, basalt, and the like. The material selected for the
insulator generally needs to provide a sufficient thermal
barrier between the column heating apparatus 200 and the
ambient environment during a GC run.

The width of the flowpaths’ space or gap formed between
the cowls can be uniform along the height of one or both
cowls, or it can be variable along such height(s). In some
embodiments, the flow path tapers substantially continu-
ously along the height of the inner shell. For example the gap
can be narrowest at a first end and widest at a second end
which is opposite the first end. In some embodiments where
the inner and outer cowls are substantially conical, and the
shells have a first end with a smaller diameter and a second
end opposite the first end which has a larger diameter, the
gap can be narrowest at the end having the smaller diameter
and widest at the end having the larger diameter.

A GC column apparatus can include transfer lines that
extend through the flowpaths between the cowls, in accor-
dance with a representative embodiment. The transfer lines
can provide a fluid connection between the GC column and
a sample inlet or contaminant trap, and a detector or other
flowpath components.

Two or more GC column heater apparatuses can be
connected to a single cooling system by placing one heating
unit on top of the other and fluidly connecting their flowpath
(s). For example, the apparatuses can include two GC
column units, each GC column unit includes a GC column
between an inner cowl and an outer cowl. The cooling
system includes a coolant source such as a fan or pressurized
gas (e.g., carbon dioxide) which flows through flowpaths
defined by the cowls and heater to contact and withdraw heat
from the heaters of both GC column units. The cooling
system is attached in a gas-tight connection to a first GC
column unit, which is attached at its opposite end to a second
GC column unit in a gas-tight connection. The GC column
units have parts adapted for connection to a transfer line
containing the sample to be analyzed.

It is also possible to arrange two columns on a single
heater, one on the outer surface of the outer layer and one on
the inner surface of the inner layer.

In view of this disclosure it is noted that the methods and
apparatus can be implemented in keeping with the present
teachings. Further, the various components, materials, struc-
tures and parameters are included by way of illustration and
example only and not in any limiting sense. In view of this
disclosure, the present teachings can be implemented in
other applications and components, materials, structures and
equipment to implement these applications can be deter-
mined, while remaining within the scope of the appended
claims.

What is claimed is:

1. A heating apparatus for a gas chromatography (GC)

column, comprising:

a conical heater assembly comprising a heating element
between an inner layer and an outer layer wherein the
inner layer and the outer layer are conical, wherein the
conical heater assembly is adapted for a GC column to
move along the conical heater assembly in response to
differing thermal expansions of the conical heater
assembly and the GC column, and

a cooling system, wherein the cooling system comprises
a fan or pressurized gas, and the cooling system is
configured to blow cooling gas over the conical heater
assembly.

2. The apparatus of claim 1, wherein the conical heater

assembly further comprises



US 10,764,964 B2

15

a first interior layer disposed between the heating element

and the inner layer, or

a second interior layer disposed between the heating

element and the outer layer, or

both a first interior layer disposed between the heating

element and the inner layer, and a second interior layer
disposed between the heating element and the outer
layer.

3. The apparatus of claim 2, wherein the first interior layer
and the second interior layer of the conical heater assembly
form a unitary coating that encases the heating element.

4. The apparatus of claim 1, further comprising an outer
cowl surrounding the outer layer of the conical heater
assembly, wherein the outer cowl is arranged to provide a
first flowpath between the outer layer of the conical heater
assembly and the outer cowl.

5. The apparatus of claim 4, further comprising a cooling
system, wherein the first flowpath between the outer cowl
and the heater assembly is fluidly connected with the cooling
system.

6. The apparatus of claim 1, further comprising an inner
cowl that is surrounded by and arranged to provide a second
flowpath between the inner layer of the conical heater
assembly and the inner cowl.

7. The apparatus of claim 6, further comprising a cooling
system, wherein the second flowpath between the inner cowl
and the heater assembly is fluidly connected with the cooling
system.

8. The apparatus of claim 1, wherein the outer layer of the
conical heater assembly comprises one or more of metals,
metal alloys, silicon, quartz, diamond, silicon carbide, boron
nitride, aluminum nitride, or alumina.

9. A gas chromatography apparatus comprising

a conical heater assembly comprising a heating element

between an inner layer and an outer layer wherein the
inner layer and the outer layer are conical and wherein
the outer layer has an inner surface proximate to the
heating element and an outer surface distal to the
heating element and the inner layer has an outer surface
proximate to the heating element and an inner surface
distal to the heating element; and

a gas chromatography (GC) column wound around the

outer surface of the outer layer of the conical heater
assembly, wherein the column is in contact with the
outer layer of the heater assembly or

a gas chromatography (GC) column wound on the inner

surface of the inner layer of the conical heater assem-
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bly, wherein the column is in contact with the inner
layer of the conical heater assembly,

wherein the GC column and the conical heater assembly

are adapted for the GC column to move along the
conical heater assembly in response to differing thermal
expansions of the conical heater assembly and the GC
column.

10. The gas chromatography apparatus of claim 9,
wherein the conical heater assembly is frustoconical.

11. The gas chromatography apparatus of claim 9,
wherein the outer layer of the conical heater assembly
comprises one or more of metal, metal alloys, silica, quartz,
diamond, silicon carbide, boron nitride, aluminum nitride, or
alumina, and the GC column comprises fused silica, glass,
or metal.

12. The gas chromatography apparatus of claim 9,
wherein the conical heater assembly has a cone angle 6, and

the conical heater assembly and the column are made

from different materials, whereby a coefficient of fric-
tion  exists for the different materials;

wherein the coeflicient of friction and the cone angle are

selected so that
N sin (6/2) is greater than (mg+T,+uN cos (6/2)) when
adding heat,

where N is a normal force from conical heater assembly;

T, is a vertical tensile force from the column; and mg
is a gravitational force acting vertically on the column.

13. The gas chromatography apparatus of claim 12,
wherein the apparatus has an operational temperature range,
and N sin (6/2) is greater than (mg+T,+uN cos (6/2)) when
adding heat throughout the temperature range.

14. The gas chromatography apparatus of claim 9,
wherein the GC column has a length from about 1 m to about
105 m.

15. The gas chromatography apparatus of claim 9,
wherein the conical heater assembly further comprises a first
interior layer and a second interior layer, and the first and
second interior layers form a unitary coating that encases the
heating element.

16. The gas chromatography apparatus of claim 9, further
comprising an outer cowl surrounding the outer layer of the
conical heater assembly, and/or an inner cowl surrounding
the inner layer of the conical heater assembly.

17. The gas chromatography apparatus of claim 9, further
comprising a cooling system configured to blow cooling gas
over the conical heater assembly.

#* #* #* #* #*



